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[1] The Chinese Loess Plateau (CLP) covers an extensive
area over 440,000 km2 and provides an unprecedented ter-
restrial record of Neogene climate. However, it is still unclear
whether the provenance of these loess deposits is uniform
or contains spatial and temporal differences. Here this is
addressed by comparing detrital-zircon age spectra of
typical loess and paleosol samples from three distant sites
located at the western, middle, and southeastern parts of
the CLP. Our results reveal that the zircon age spectra not
only change between loess and paleosol layers but also vary
from the western to the eastern CLP, at least during the last
glacial cycle. The discrepancies of the zircon age spectra
among different sites suggest that the loess provenance
of CLP is heterogeneous and spatially variable, although it
has been suggested that the mineralogical, elemental and
isotopic compositions of loess deposits on CLP are highly
homogenous spatially and in glacial-interglacial cycles.
Citation: Xiao, G., K. Zong, G. Li, Z. Hu, G. Dupont-Nivet,
S. Peng, and K. Zhang (2012), Spatial and glacial-interglacial varia-
tions in provenance of the Chinese Loess Plateau, Geophys. Res.
Lett., 39, L20715, doi:10.1029/2012GL053304.
1. Introduction
[2] The Chinese Loess Plateau (CLP) contains one of the
most important continental archives of Neogene climate
changes [An et al., 1990; Ding et al., 2005; Guo et al., 2002].
It covers an area over 440,000 km2 and lies in the middle
reaches of the Yellow River, bounded by the northern
Tibetan Plateau to the west, the Taihang mountains to the
east, the Tengger, MU Us deserts and the Yinshan moun-
tains to the north, and the Qinling mountains to the south
(Figure 1). Based on the decrease in loess thickness and grain
size from the northwest to southeast, it has long been
assumed that the source areas of the loess deposits on the
CLP were from the arid regions upwind to the north and
northwest [Liu, 1965, 1985]. These potential source areas
include the Taklamakan, Gurbantunggut, and Kumtag
deserts in western China, the Qaidam Basin on the northern
Tibetan Plateau, the Badain Juran, Tengger, Ulan Buh, Hobq,
and Mu Us deserts in northern China, and the Gobi (stony
desert) in southern Mongolia (Figure 1).
[3] Modern climate on the CLP is controlled by the
southeast-directed cold-dry winter monsoon and the northwest-
directed warm-humid summer monsoon, respectively. It has
been suggested that the aeolian deposits on the CLP were
transported by the East Asianwinter monsoon, and interbedded
loess and paleosol layers reflect the changing intensities of
winter and summer monsoons in response to glacial and
interglacial climate changes [An et al., 1990]. Deciphering the
loess provenance of CLP is not only critical for understanding
the atmospheric circulation patterns associated with evolution
of past monsoons, but it also enables a better interpretation of
the climate proxies preserved in loess [e.g., Stevens et al., 2010;
Sun, 2002]. However, there are still wide disagreements on the
provenance of loess on the CLP and whether the provenance
has changed significantly between glacial and interglacial per-
iods. Some authors have suggested that the Gobi desert in
southern Mongolia and the sand deserts in northern China are
the dominant source areas of the loess on CLP [e.g., Sun, 2002;
Sun et al., 2008]. This viewwas further supported by the spatial
distribution of modern dust storms [Sun, 2002] and the recon-
struction of wind-patterns based on the contour maps of loess
grain size of the last two glacial-interglacial cycles [Yang and
Ding, 2008]. However, others have shown that the deserts in
western China, especially the Taklamakan and Qaidam deserts,
are very important source areas based on Sr-Nd isotopes, wind-
erosion topography, and detrital zircon chronology [e.g., Chen
et al., 2007;Honda et al., 2004;Kapp et al., 2011;Pullen et al.,
2011]. Besides, it has recently been argued that the dominant
source of Chinese loess has changed over glacial-interglacial
cycles, from southern Mongolia during glacial periods, to
northern China during interglacial periods [Sun et al., 2008], or
from the Qaidam Basin and northern Tibetan Plateau during
glacial periods, to northern China and southern Mongolia
during interglacial periods [Kapp et al., 2011; Pullen et al.,
2011].
[4] Because the loess deposits across the CLP show high
mineralogical, elemental, and isotopic homogeneity [Gallet
et al., 1996; Jahn et al., 2001; Jeong et al., 2011], it is
appropriate to assume that the loess deposits from different
parts of the CLP were derived from a common source area
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[e.g., Jahn et al., 2001]. However, Maher et al. [2009]
argued that the source areas for such immense loess depos-
its must involve efficient formation of fine-size particles and
encompass multiple sources throughout the region that are
much larger than any one proximal desert. This concept is
consistent with a series of comprehensive studies based on
Nd-Sr isotopes, carbonate mineralogy and quartz ESR signal
showing the source area of Chinese loess includes a vast arid
region between Qilian and Gobi-Altay Mountains [Li et al.,
2007, 2011; Sun et al., 2008], where high-mountain pro-
cesses (including glacial grinding, cryologic breakage, tec-
tonic stress, and fluvial comminution) have produced
tremendous amounts of fine-sized particles [Derbyshire
et al., 1998; Sun, 2002] that are ultimately derived from the
northern Tibetan Plateau and the Central Asian Orogenic Belt
(Figure 1b) [Chen and Li, 2011; Li et al., 2009, 2011].
[5] Obviously, to better constrain the provenance of loess
on the CLP, more effective source tracing approaches are
required. Recent studies have demonstrated that the single-
grain zircon provenance analysis is more diagnostic than the
bulk mineralogical, elemental, and even isotopic approa-
ches in identifying the source areas of loess deposits [e.g.,
Pullen et al., 2011; Stevens et al., 2010; Újvári et al., 2012;
Xie et al., 2012]. In this study, we determine and compare
detrital-zircon age spectra of typical loess and paleosol units
from western (Xining), middle (Xifeng), and southeastern
(Weinan) parts of the CLP (Figure 1) that shed new light
on whether the loess provenance of the ca. 1000-km-
long, up to ca. 600-km-wide CLP is uniform and whether the
provenance has changed significantly over glacial-interglacial
cycles.
2. Materials and Methods
[6] The loess-paleosol successions at Xining (3637′N,
10147′E), Xifeng (3553′N, 10758′E), andWeinan (3421′N,
10931′E) have been described in detail by previous studies
[Guo et al., 1994; Jahn et al., 2001; Sun et al., 2008]. These
three sites are located at western, middle, and southeastern
parts of the CLP, respectively (Figure 1), and thus are ideal
targets to test whether the provenance of loess deposits on
CLP is uniform. Three pairs of typical loess (glacial) and
paleosol (interglacial) samples of the last glacial-interglacial
cycle were collected from these sites for detrital-zircon U-Pb
age analysis (see the auxiliary materials for sample descrip-
tions and analytical methods).1 The U-Pb ages were deter-
mined using a laser-ablation inductively coupled plasma–mass
spectrometer (LA-ICP-MS) at the State Key Laboratory of
Geological Processes and Mineral Resources, China Uni-
versity of Geosciences, Wuhan, following the analytical pro-
cedures of Liu et al. [2010a, 2010b]. In order to achieve a
required level of statistical adequacy [Andersen, 2005],
at least 96 individual zircon grains with suitable size (mostly
between 35–60 mm) were randomly selected from each
sample for measurement by a laser spot diameter of 24 mm
(Figure S1 in the auxiliary material). The ages reported here
1Auxiliary materials are available in the HTML. doi:10.1029/
2012GL053304.
Figure 1. (a) Location of the Chinese Loess Plateau (CLP) and its potential desert source areas. The red dots denote the
studied loess sections. The white numbers in black dots show the sites of published detrital zircon data cited in the text:
(1) Pullen et al. [2011]; (2) Stevens et al. [2010]; (3) Xie et al. [2007]; (4) Xie et al. [2012]; (5) Lease et al. [2007];
(6) Lease et al. [2012]; (7) Gehrels et al. [2011]; (8) Gehrels et al. [2003a]; (9) Gehrels et al. [2003b]; (10) Yue et al. [2005];
and (11) Li and Peng [2010]. (b) Geotectonic map showing location of the CLP relative to the major continental blocks [after
Gehrels et al., 2011; Xie et al., 2012].
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are 206Pb/238U ages for zircons younger than 1000 Ma and
207Pb/206Pb ages for older grains. Individual zircons with
<90% concordance were rejected. All analytical results are
available from the auxiliary material.
3. Results
[7] Probability density plots of our six samples and two
loess-layer samples published by others from Luochuan
[Pullen et al., 2011] and Huanxian [Stevens et al., 2010] are
presented in Figures 2a–2h. In the Xining site, the paleosol
sample (layer S0, Holocene) shows a dominant age popula-
tion in the range of 540–360 Ma (Figure 2b), with a peak at
432 Ma, whereas the loess sample (layer L1, last glaciation)
exhibits two major age populations in the ranges of 560–
380 Ma and 360–200 Ma (Figure 2a), with peaks at 422 Ma
and 261 Ma, respectively. For the loess sample in Xifeng site
(layer L1, last glaciation), the most prominent age population
is ranging from 520 Ma to 330 Ma (Figure 2c), with a peak
at 459 Ma, whereas in the paleosol sample (layer S1, last
interglaciation) the major age population shifts to the 490–
290 Ma range, with a peak at 381 Ma (Figure 2d). For the
samples in Weinan, both loess (layer L1, last glaciation) and
paleosol (layer S1, last interglaciation) samples show two
major age populations in the ranges of 530–360Ma and 350–
190 Ma (Figures 2e and 2f); in addition, there are also a
significant amount of younger ages (<200 Ma).
[8] Because the finer zircon grains are expected to trans-
port longer distance and the laser spot size we used (24 mm) is
larger than previous study (e.g., 14 mm [Pullen et al., 2011]),
our zircon age spectra may be affected by grain size induced
bias. However, it is noteworthy that the age spectra of the
L1 loess layer from Luochuan [Pullen et al., 2011] and
Huanxian [Stevens et al., 2010] also exhibit two major age
populations in the 560–360 Ma and 320–230 Ma range,
respectively (Figures 2g and 2h), and are similar to the loess
samples from Xining and Weinan (Figures 2a and 2e),
although the peaks are to some extent different.
4. Discussion
4.1. Glacial-Interglacial Provenance Variations
[9] It has been suggested that the atmospheric circulation
pattern over the CLP differed significantly between glacial
and interglacial periods [An et al., 2012; Kapp et al., 2011;
Pullen et al., 2011]. The mean annual position of the polar jet
stream during glacial periods was probably >10 equator-
ward than during interglacial periods [An et al., 2012; Kapp
et al., 2011; Pullen et al., 2011]. Detailed reconstruction
has demonstrated that the climate pattern over the CLP dur-
ing glacial periods was characterized by a roughly W-E zonal
pattern, which is significantly different from the NW-SE
pattern during interglacial periods [Hao and Guo, 2005;
Lu and Sun, 2000]. Therefore, it would be expected that the
dust provenance on CLP would shift in association with the
changes of atmospheric circulation patterns of the glacial-
interglacial cycles [Prins et al., 2007]. Our zircon chrono-
logical results from Xining, Xifeng, and Weinan clearly
show that the zircon age spectra of the loess layers are
indeed different from those of the paleosol layers (Figure 2),
indicating a varying aeolian provenance on the CLP over
glacial-interglacial cycles. Our results also provide empirical
evidence from paleosol layers to support a recent prediction
[Pullen et al., 2011] that the dust provenance on CLP is dif-
ferent between glacial and interglacial periods that is based
only on zircon ages of loess layers but not paleosols.
4.2. Spatial Differences in Chinese Loess Provenance
[10] The spatial characteristics of the detrital-zircon age
spectra among different sites are more complicated than the
glacial-interglacial patterns. Specifically, except for Xifeng,
glacial samples show similar age populations in the 560–
360 Ma and 360–200 Ma ranges, respectively, albeit the
peaks are different to some extent (Figures 2a, 2c, 2e, 2g,
and 2h). In contrast, paleosol samples show notable varia-
tions in the proportion of the 360–200 Ma zircon grains,
increasing gradually from the western CLP to the eastern
CLP, from 3.7%, 17.6%, and 23.9% for Xining, Xifeng, and
Weinan, respectively (Figures 2b, 2d, and 2f). This different
glacial-interglacial pattern of age spectra among Xining,
Xifeng, and Weinan indicates the dust provenance on the
CLP is heterogeneous and spatially variable, possibly for the
following reasons. First, the sediments in the potential source
areas in northern China and southern Mongolia show a pre-
dominant zircon age population in the range of 360–200 Ma
(47.7%), with a relatively smaller proportion (14.1%) of
zircon grains in the range of 560–360Ma (Figure 2i) [Stevens
et al., 2010; Xie et al., 2007, 2012]. However, the areas in
the northern Tibetan Plateau and western China are pre-
dominated by the 560–360Ma zircon grains, with a relatively
limited (<20%) proportion of zircons in the range of 360–200
Ma (Figures 2j and 2k) [Gehrels et al., 2003a, 2003b, 2011;
Lease et al., 2007, 2012; Li and Peng, 2010; Pullen et al.,
2011; Xie et al., 2007; Yue et al., 2005]. Hence, we argue
that 1) the major age population of 560–360 Ma in all the
aeolian samples is mainly derived from northern Tibetan
Plateau and western China, as previous studies suggested
[Pullen et al., 2011; Stevens et al., 2010], rather than northern
China and southern Mongolia, and 2) the eastwardly increase
of the 360–200 Ma proportion in the paleosol samples likely
indicates that the source contribution from northern China
and southern Mongolia increases eastwardly under a NW-SE
climate pattern during interglacial periods [Hao and Guo,
2005; Lu and Sun, 2000]. Second, in loess samples, the rel-
ative proportions of the 560–360 Ma and 360–200 Ma zircon
grains are closely similar (Figures 2a, 2c, 2e, 2g, and 2h),
which cannot be simply explained by materials from the arid
regions in northern China and southern Mongolia nor by
the source contribution from northern Tibetan Plateau and
western China, and thus suggests a mixing of sources from
these regions. Third, the late Cenozoic zircon grains, although
mostly with concordance <90% except one, are probably
derived from the northern Tibetan Plateau, as concluded by
Pullen et al. [2011].
[11] Additional lines of evidence support the interpretation
that the dust provenance of the CLP is heterogeneous and
spatially variable. First, the huge area of the CLP contains an
immense volume of silts and finer-sized particles that must
involve multiple sources. It has been argued that no specific
desert is able to offer such vast amounts of silt materials
required to form the CLP [Maher et al., 2009]. Second,
detailed reconstruction of wind patterns during the last glacial-
interglacial cycle has demonstrated that the two most impor-
tant agents for transport of dust to the CLP were northwesterly
and westerly winds, but lack of northeasterly wind [Lu and
Sun, 2000]. This wind pattern would result in the lack of
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Figure 2. Probability density plots of zircon U-Pb ages from (a–h) the Chinese Loess Plateau and (i–k) its potential source
areas. Figures 2a and 2b show data from Xining; Figures 2c and 2d show data from Xifeng; Figures 2e and 2f show data from
Weinan; Figures 2g and 2h show data from Luochuan [Pullen et al., 2011] and Huanxian [Stevens et al., 2010], respectively.
Figures 2i, 2j, and 2k show the compilation of published data from the potential source areas of Chinese Loess Plateau,
including (Figure 2i) northern China and southern Mongolia [Stevens et al., 2010; Xie et al., 2007, 2012], (Figure 2j) northern
Tibetan Plateau [Gehrels et al., 2003a, 2003b, 2011; Lease et al., 2007, 2012; Pullen et al., 2011; Yue et al., 2005], and
(Figure 2k) western China [Gehrels et al., 2003a, 2003b, 2011; Li and Peng, 2010; Xie et al., 2007]. The pie charts show the
proportions of zircon grains within different age ranges.
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dust materials transported from the arid regions north of CLP,
such as Mu Us desert, to the western CLP, although these
northern regions are probably important sources for the eastern
CLP [Yang and Ding, 2008].
5. Implications
[12] Previous studies have suggested that the mineralogy,
Sr-Nd isotopic compositions, and elemental abundances and
patterns of Chinese loess were highly homogenous in spatial
and glacial-interglacial cycles [e.g., Gallet et al., 1996; Jahn
et al., 2001; Jeong et al., 2011; Li et al., 2009], and the rare
earth elements of Chinese loess even can be the represen-
tative of average composition of upper continental crust [Hu
and Gao, 2008; Jahn et al., 2001; Taylor et al., 1983]. Many
researchers are likely therefore to regard the CLP as having
integrated provenance. However, our zircon age spectra from
different parts of the CLP reveal that the dust provenance not
only changes in glacial-interglacial cycles, but also varies
from the western to the eastern CLP. This apparent contra-
diction may be due to (1) the single-grain provenance anal-
ysis being more diagnostic than the bulk geochemical and
isotopic approaches in identifying the source of sediments
with complex source areas [Stevens et al., 2010;Újvári et al.,
2012; Xie et al., 2012], such as loess deposits, and/or (2) the
thorough mixing of multiple-sourced loess deposits during
the transportation, deposition, and formation processes
homogenizing the geochemical and isotopic signals, although
the source areas are isotopically different [e.g., Chen et al.,
2007; Honda et al., 2004].
[13] Our results show that the provenance of loess deposits
on the CLP may include arid regions in western and northern
China and Gobi deserts in southern Mongolia, supporting the
traditional view [Liu, 1965, 1985], and that the glacial-
interglacial changes of provenance have been strongly cou-
pled with the changes of wind patterns. However, whether
the dust materials were mainly derived from the deserts or
directly transported from lacustrine and alluvial fan deposits
[Derbyshire et al., 1998; Pullen et al., 2011; Stevens et al.,
2010; Sun, 2002] is still unsettled by this study. Wherever
the source area may be, our results have provided empirical
evidence to support the idea that the aeolian deposits were
derived ultimately from the northern Tibetan Plateau and the
Central Asian Orogenic Belt (Figure 1b) [Chen and Li, 2011;
Li et al., 2009, 2011]. However, it should be pointed out that
our study does not measure the finer zircon grains, especially
the size <20 mm that can be transported longer distances by
wind and potentially could provide further information on
dust source areas. Detailed provenance studies on deserts,
lacustrine and alluvial fan deposits in western China and finer
zircon grains in loess deposits are still required to further
constrain the source areas of loess on the CLP.
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